Northern Illinois University

Huskie Commons
Graduate Research Theses & Dissertations

Graduate Research & Artistry

2016

Niche differentiation among malagasy carnivorans : an analysis of
evolution in a spatiotemporally isolated carnivoran clade
(Eupleridae : carnivora)
Michael C. Taylor

Follow this and additional works at: https://huskiecommons.lib.niu.edu/allgraduate-thesesdissertations

Recommended Citation
Taylor, Michael C., "Niche differentiation among malagasy carnivorans : an analysis of evolution in a
spatiotemporally isolated carnivoran clade (Eupleridae : carnivora)" (2016). Graduate Research Theses &
Dissertations. 4115.
https://huskiecommons.lib.niu.edu/allgraduate-thesesdissertations/4115

This Dissertation/Thesis is brought to you for free and open access by the Graduate Research & Artistry at Huskie
Commons. It has been accepted for inclusion in Graduate Research Theses & Dissertations by an authorized
administrator of Huskie Commons. For more information, please contact jschumacher@niu.edu.

ABSTRACT

NICHE DIFFERENTIATION AMONG MALAGASY CARNIVORANS: AN ANALYSIS OF
EVOLUTION IN A SPATIOTEMPORALLY ISOLATED CARNIVORAN CLADE
(EUPLERIDAE: CARNIVORA)

Michael C. Taylor, M. S.
Department of Biological Sciences
Northern Illinois University, 2016
Virginia L. Naples, Director

To occupy an ecological niche, a carnivoran species must possess the necessary
morphotype to consistently capture and process resources. In theory, two species would
inevitably compete with one another if they occupied the same niche. Carnivoran diversity is
related to niche differentiation, which can be facilitated spatially, temporally, or
morphologically. Differences in diet preference and prey preference among carnivorans are
effectively indicated by variations in craniodental morphology. Eupleridae is the sole carnivoran
lineage in Madagascar and many of its species coexist in its eastern lowland rainforests and other
ecoregions.
This study described, in detail, the craniodental morphology of eight euplerid species.
Ten craniodental characters were chosen that are functionally significant in dictating diet and
prey preferences, which are means for morphological niche differentiation among carnivorans.
The following hypotheses were tested: (1) there is no differences in craniodental morphology
among the euplerid species; (2) there is no difference in pattern between the evolution of
Eupleridae and the evolutions of Carnivora and Carnivoramorpha.
Principal component analyses established seven different morphotypes among species,
based on diet preference and prey preference. Only Galidia elegans and Galidictis fasciata

occupied the same morphospace. Because they also occupy the same geographic range, they
must vary temporally. Morphological niche differentiation characterizes the rest of the family.
Some euplerids exhibit morphotypes that make them ecomorphs to species belonging to
phylogenetically distinct carnivoran families absent in Madagascar. Results suggest an isolated
carnivoran lineage prioritizes morphological niche differentiation over spatial or temporal
variation.
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CHAPTER 1

INTRODUCTION

Madagascar is a current hotspot for ecological studies. It lies across the Mozambique
Channel from southeastern mainland Africa, and its land area is nearly twice that of the state of
Arizona (Butler 2013). Lowland rainforests historically have run along its eastern side from sea
level to 800m, where they grade into subhumid forests of the central highlands and areas of high
human activity (White 1983). To the north, the rainforests lead into drier transitional forests
because of localized climate conditions (Lowry et al. 1997). The Anosyennes Mountains to the
south create a rainshadow, causing a transition from rainforest into a xeric spiny forest that
experiences little annual rainfall and reaches temperatures up to 47ºC (Goodman 1996;
Wozencraft 1990, 1986). Western Madagascar is generally more arid than the east but is
composed of mixed deciduous forests, mangrove swamps, and coastal plains (Goodman &
Benstead 2003). The eastern rainforests support the greatest faunal diversity by far, including six
of the carnivoran species endemic to Madagascar (Hilton-Taylor 2000; Figure 1).

Eupleridae

This study focuses on the carnivorans that belong to the family Eupleridae. Euplerids are
a monophyletic group of carnivorans living in low- to mid-altitude environments throughout
Madagascar (Duckworth et al. 2014). The phylogenetic positioning of the family and its species
has long been debated, but molecular analyses suggest that Eupleridae is its own clade, most
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closely related to Herpestidae within the feliform subset of Carnivora (Barycka 2007; Yoder et
al. 2003; Figures 2 & 3). The family is characterized by a dynamic morphological diversity and
variation in external appearances. This misled early studies of the group to conclude
Cryptoprocta ferox, C. spelea, and Fossa fossana to be viverrids and the remainder of the
Malagasy carnivorans to be a subfamily of Herpestidae. The common ancestor was most likely
an African herpestid, which rafted to Madagascar from mainland Africa 18-24 million years ago
(Ali & Huber 2010; Barycka 2007; Gaubert & Veron 2003; Yoder et al. 2003).

3

Figure 1: Known habitats and ge ographic range s for the e ight e uple rid s pe cie s
involve d in this analys is (maps ge ne rate d from Goodman 2012).

4

Figure 2: Curre ntly acce pte d phyloge ny for Euple ridae with its s is te r taxon, the
African mongoos e s of He rpe s tidae , as outgroup. The das he d line indicate s the
unce rtainty in the pos ition of Eupleres in the clade . *- de note s an e xtinct
s pe cie s (modifie d from Yode r e t al. 2003).
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Figure 3: Curre ntly acce pte d phyloge ny of place ntal mammalian carnivore s ,
with Pholidota (pangolins ) as the mos t clos e ly re late d outgroup. Note that
M iacoide a is not indicate d, but it is re pre s e nte d in part by the family
Vive rravidae . It is s trongly s upporte d that Carnivora originate d out of its othe r
family, M iacidae , and gradually outcompe te d primitive “miacids .”
* - indicate s e xtinct familie s .

This study addresses important questions regarding the evolution of Eupleridae with a
focus on the morphologies and ecologies exhibited by its species. First, how morphologically
diverse is the family given its relatively young age and low species richness? Second, what
morphotypes are exhibited by euplerid species, and are the morphotypes unique to Eupleridae or
are they exhibited by other carnivorans? Finally, has the evolution of Eupleridae, in relative
isolation from competitors, progressed differently from the early evolution of Carnivora and
Carnivoramorpha?
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Carnivoran Craniodental Morphology and Diversity

The resource common to all carnivorans is meat, which is provided by the bodies of prey
species (Van Valkenburgh 1989). As such, all carnivorans share a general craniodental
morphology that is characterized by heterodonty and regionalization of teeth regarding their
function in food processing (Van Valkenburgh 1989; Wesley-Hunt 2005). Additionally, all
carnivorans possess modified fourth upper premolars (P4) and first lower molars (m1) called
carnassial teeth (Wyss & Flynn 1993). Along with a temporomandibular joint and muscles of
mastication that restrict the movement of jaws to varying degrees, carnivoran mouths are adapted
for shearing meat like a pair of scissors, with the carnassials positioned to act as the blades
(Reighard & Jennings 1901). The general craniodental morphology has remained relatively fixed
in Carnivora since it evolved. This is because meat is a rather stable resource and has not
undergone significant changes in its composition throughout evolutionary history (Wesley-Hunt
2005).
However, not all carnivorans strictly eat meat; in fact, most eat more generalist diets
which can consist of invertebrates, plants, and/or fruit. Therefore, variations on the general
carnivoran craniodental morphology exist to provide species with specialized means of acquiring
and processing their specific resource preferences (Wesley-Hunt 2005). For example, meat is a
very important resource for coyotes but not as much for black bears. In coyotes, the carnassials
are sharply cusped with lengthened blades for shearing meat, and the post-carnassial molars are
significantly reduced. The opposite is seen in black bears, where the carnassials are significantly
reduced and the post-carnassial molars exhibit massive surface areas devoted to grinding plant
material (Figure 4).
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Figure 4: Lingual vie ws of the le ft uppe r and le ft lowe r de ntitions for two
carnivorans with diffe re nt die ts . The s harp cus ps and re duce d molars in Canis
latrans indicate s a highe r de gre e of carnivory than the voluminous molars of
Ursus americanus (modifie d from Hills on 2005).
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Carnivoran Niche Differentiation via Spatiotemporal Variation

In theory, two species would inevitably compete with one another if they occupied the
same niche. However, carnivorans have long been known to exist together within ecosystems,
including euplerids (Gerber et al. 2012a, 2012b). Species can evolve to occupy different niches
as a means of minimizing their interspecific interaction or competition for a specific resource
(Gerber et al. 2012a). One way for a carnivoran to prevent interaction with a potentially
competitive species is simply by maintaining a spatial distribution that does not overlap with the
spatial distribution of the other (Farris et al. 2015). Studies have also shown that coexistence can
be achieved temporally, where perhaps one species is diurnal and the other is nocturnal (Farris et
al. 2016; Gerber et al. 2012a). In other words, a carnivoran species could theoretically possess
the same morphology and ecology as another, so long as the two species do not overlap in
geographic range or hunting time. Since their morphologies are so similar and their ecologies
differ merely spatially or temporally, the two species would be considered ecomorphs.

Carnivoran Niche Differentiation via Morphological Diversification

Niche differentiation and partitioning of resources among carnivorans can also be
facilitated morphologically (Hutchinson 1959). Carnivorans can avoid competition by hunting
different prey, and the prey preference of a carnivoran is indicated by its craniodental
morphology (Gerber et al. 2012a). Prey species have historically evolved defensive
characteristics, such as horns or shells, to fend off predators. Such defensive measures can cause
responsive variations in the craniodental morphologies of predators, so that the predator can
continue to rely on that prey species as a source of meat. This evolutionary arms race is easily
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observable in the morphologies of all animals, and in carnivorans it is particularly made evident
by the morphology of their incisors, canines, and mesial premolars (Anton & Galobart 1999;
Anton et al. 2004; Chirstiansen & Wroe 2007). The other morphological mechanism for niche
differentiation among carnivorans is dietary variation. The molars and distal premolars in all
mammals are primarily responsible for processing food resources (Wyss & Flynn 1993). Dietary
preferences among carnivorans can be confidently determined by premolar and molar
morphological characters.
These morphological means of niche differentiation are of utmost importance to this
analysis because many euplerids exist in the same areas and even hunt at the same times (Farris
et al. 2015; 2016; Gerber et al. 2012a). Ecological niches act as evolutionary selection pressures,
and for carnivorans, only specific morphotypes are adapted for meeting the demands of their
respective niches (Roy & Foote 1997). Just as one species occupies an ecologica l niche, no other
species can possess the same morphotype unless it were to avoid spatial overlap of its geographic
range or hunt at a different time. It is important to provide a detailed description of the
craniodental morphology for each species in order to determine how the coexisting species
evolved to partition resources. While post-cranial morphology is quite informative for an
analysis of ecology and evolution, the determining factor of success for any carnivoran in its
niche is its ability to effectively obtain, process, and feed upon meat from prey. That is
ultimately dependent on its craniodental morphology (Van Valkenburgh 1988; Wesley-Hunt
2005).
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Niche differentation as a Means of Studying Euplerid Evolution

Niche differentiation also allows for the analysis of the evolution of Eupleridae from the
herpestid common ancestor. The modern phylogeny consists of nine species: one extinct, many
of which are known to coexist in the environments of Madagascar (Gerber et al. 2012a). It is
important to study the morphotypes in the family and compare the species to determine if their
coexistence might have resulted from morphological diversification rather than spatial or
temporal variation. Studies have previously investigated the morphological patterns of
diversification in other taxa (Foote 1992, 1996; Jernvall et al. 1996, 2000; Van Valkenburgh
1988, 1989; Wagner 1996; Wesley-Hunt 2005).
The evolution of Eupleridae from the herpestid common ancestor to the modern
phylogeny could have followed any of three potential pathways (Figure 5). Pathway A:
Progression but with limited morphological diversification, suggesting niche differentiation by
spatial or temporal variation. Pathway B: Progression with morphological and nonmorphological niche differentiation occurring relatively equally. Pathway C: Progression that
promotes a rapid adaptive radiation into unoccupied morphospace, suggesting that the evolution
of the clade selected for morphological niche differentiation (Foote 1993).
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Figure 5: Ide alize d e volutionary pathways a clade could pote ntially unde rtake .
A) M orphological niche diffe re ntiation is s uppre s s e d. B) Spatiote mporal
variation and morphologica l niche diffe re ntiation occur re lative ly e qually. C)
M orphological diffe re ntiation occurs more re adily than s patiote mporal
variation as s pe cie s e volve (modifie d from Foote 1993).
Objectives

Morphological work has previously been conducted on some euplerids, but mainly in an
effort to classify a new species, as was done for Cryptoprocta spelea and Eupleres major
(Durbin et al. 2010; Goodman & Helgen 2010; Goodman et al. 2004). However, an allencompassing morphological analysis of the family has not been done. This study tested whether
the euplerid species are morphologically distinct from one another to determine if any of the
morphotypes exhibited by euplerids are unique to Carnivora. Since the euplerid origin, no other
carnivorans or creodonts are known to have existed on the island of Madagascar. So this study
tested the hypothesis that euplerid evolution has progressed similarly to the early evolutions of
Carnivora and Carnivoramorpha. It was predicted that the evolution of Eupleridae has produced
distinct morphotypes among its species, but the morphotypes are exhibited by other extinct or
extant carnivorans. It was also expected that the evolution of Eupleridae selected for
morphological niche differentiation, Pathway C, rather than for spatial or temporal variation.

CHAPTER 2

METHODS

Study Species

A total of 42 euplerid adult specimens were analyzed (Table 1). The euplerid species
analyzed for this study were: Cryptoprocta ferox (Fosa), Fossa fossana (Spotted Fanaloka),
Eupleres goudotii (Falanouc), Eupleres major (Western Falanouc), Galidia elegans (Ring-tailed
Vontsira), Galidictis fasciata (Broad-striped Vontsira), Galidictis grandidieri (Grandidier’s
Vontsira), and Salanoia concolor (Brown-tailed Vontsira). The outgroup species were chosen
both as possible candidates for ecomorphy to euplerids and as representatives for carnivoran
families of increasing distinction from Eupleridae, with Canidae as the basal group of the clade:
Herpestidae – Atilax paludinosus (Marsh Mongoose), Viverridae – Arctictis binturong
(Binturong), Viverricula indica (Small Indian Civet), Felidae – Felis catus (Domestic Cat),
Neofelis nebulosa (Clouded Leopard), Canidae – Canis lupis (Grey Wolf), and Urocyon
cinereoargentus (Grey Fox). V. indica and U. cinereoargentus were included as second
representatives of their families because of the ecological diversity exemplified within those
lineages. C. spelea (Giant Fosa), S. durrelli (Durrell’s Vontsira), and Mungotictis decemlineata
(Bokiboky) are currently accepted euplerid species that were excluded from the analysis because
of a lack of available specimens.
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Table 1: Euplerid species values for functionally significant craniodental morphological
characters. Characters are as follows: orientation of incisor arcade (1 = straight; 2 =
parabolic) [Arcade], upper canine length over width [UCLW], lower canine length over
width [LCLW], largest upper premolar mesial to the carnassial length over width [P3LW],
last lower premolar mesial to the carnassial length over width [p4LW], shape of upper
carnassial (0 = square/other; 1 = equilateral triangular; 2 = elongated triangular; 3 =
linear) [Shape], relative blade length of the lower carnassial [RBL], grinding area [Grind],
relative jaw depth [RJD], and number of premolars mesial to the upper carnassial [Pre. #].
Char. C. ferox F. fossana E. goudotii E. major Gal. elegans G. fasciata G. grandidieri S. concolor
Arcade

1

0

0

0

0

1

1

0

UCLW 2.15

2.47

1.72

1.57

2.11

2.12

2.03

2.34

LCLW 2.09

2.81

1.24

1.37

2.10

2.19

2.34

2.05

P3LW

1.61

2.04

3.17

3.27

2.01

1.62

1.55

1.81

p4LW

1.79

1.97

2.75

2.70

1.95

1.69

1.59

1.78

Shape

3

2

0

0

2

2

2

1

RBL

0.867

0.659

0.616

0.569

0.726

0.664

0.657

0.606

Grind

0.26

1.07

1.08

1.17

0.474

0.752

0.773

1.04

RJD

0.167

0.128

0.095

0.097

0.166

0.173

0.189

0.15

Pre. #

3

4

4

4

3

3

3

3

n

6

8

9

2

9

4

1

3

At least one, but no more than ten, fully ossified adult specimens (skull and mandible)
was analyzed for each species. If possible, multiple specimens for each species were analyzed
because the increased sample size ensured that the data obtained from craniodental morphology
would be more robust with respect to any individual anomaly (and potentially characters that
were polymorphic within one species). Data were gathered on site with permission from the
mammalogy and/or vertebrate zoology collections of the Field Museum of Natural History
(FMNH), American Museum of Natural History (AMNH), Smithsonian Institution, National
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Museum of Natural History (NMNH), the Harvard Museum of Comparative Zoology (MCZ), the
University of Antananarivo, and the Northern Illinois University Biology Department Museum.
Raw Morphological Data Collection

Morphological characters were measured, using digital calipers, to the nearest hundredth
millimeter. The Appendix includes detailed descriptions for each measurement shown in Figure
6A-C. In the case of the auditory bullae, mandibular, and all dental measurements, data were
collected from both the right and left sides, and then an average value for the measurement was
calculated for each specimen to protect from potential user measurement error or individual
specimen anomaly. The shape of the upper carnassial occlusal surface was classified as
square/other, equilateral triangular, elongated triangle, or linear. Lastly the incisor arcades were
recorded as either straight or parabolic, the position of the canines with respect to the incisor
arcades were noted, and the dental formula was documented for each specimen. Throughout this
analysis, teeth are abbreviated using a single letter corresponding to tooth type (capitalized for
upper teeth, lower case for lower teeth), followed by a single number corresponding to their
position (i.e., I2 = second upper incisor and p3 = third lower premolar).
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Figure 6: Craniode ntal me as ure me nts as s hown on F. fossana: Gre ate s t le ngth
of s kull [1], condylobas al le ngth [2], zygomatic bre adth [3], bre adth of
braincas e at zygomatic roots [4], minimum inte rorbital width [5], maximum
le ngth of nas al bone s [6], maximum palatal le ngth [7], maximum auditory bulla
le ngth [8], and maximum auditory bulla width [9]. M andibular le ngth [10],
width [11], and de pth [12] we re als o colle cte d. The analys is of de ntitions
cons is te d of the following me as ure me nts : uppe r canine le ngth [13] and width
[14], lowe r canine le ngth [15] and width [16], large s t uppe r pre molar me s ial to
carnas s ial: me s iodis tal le ngth [17] and width [18], las t lowe r pre molar:
me s iodis tal le ngth [19] and width [20], me s iodis tal le ngth of uppe r carnas s ial
s he aring blade [21], me s iodis tal le ngth of uppe r carnas s ial [22], me s iodis tal
le ngth of lowe r carnas s ial trigonid [23], and me s iodis tal le ngth of lowe r
carnas s ial [24].
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Functionally Significant Characters

Functionally significant characters were produced to evaluate diet preference and prey
preference among species. These characters were calculated using species means for each
craniodental measurement, with the exception of G. grandidieri, for which data could only be
collected from a single specimen. Discrete categories were established for each continuous
character to draw viable ecological conclusions regarding each species effectively. These
characters were adapted from similar studies that correlated morphology and ecology and/or
evaluated the morphological diversification of carnivorans (Van Valkenburgh 2004; WesleyHunt 2005). Conclusions regarding the ecomorphy of some euplerids to outgroup carnivorans
were determined by comparing the similarity of their values for the functionally significant
characters. Euplerids who did not have ecomorphs among the outgroup species, which were
chosen a priori, were assigned one qualitatively. A detailed explanation for the calculation and
functionality of each significant character is available in Appendix 1.

Statistical Analyses

Principal component analyses (PCA) were performed using SPSS. PCA are dimension
reduction analyses designed to account for variance among correlated input variables. The
analyses included the Kaiser-Meyer-Olkin (KMO) measure for sampling adequacy and Bartlett’s
test of sphericity. The first PCA was designed to use the functional characters to establish the
first and second principal components (PC1 and PC2) as categorizers of the morphotypes for
each euplerid species with respect to diet preference and prey preference. The components
extracted proportions of each character and explained their variance among specimens. The
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second PCA used the established PC1 and PC2 from the first analysis to position each species in
morphospace, from which interpretations can be drawn regarding the significant differences
among morphotypes in the family. The aim was to provide a representation of the current
morphological diversity among euplerids with respect to diet preference and prey preference, and
use the points in morphospace to determine the mode or modes of niche differentiation among
species.

CHAPTER 3

RESULTS

Descriptions of Species Craniodental Morphologies

Cryptoprocta ferox

The fosa, Cryptoprocta ferox, has a craniodental morphology that correlates with
previous observations of its rather cat-like form and behavior (Romer 1966). The facial portion is
short, with the palate and rostrum contributing a relatively small proportion to the length of the
cranium. The occiput is enhanced, with prominent sagittal and nuchal crests (Figure 7A). The
mandible is robust and broad. Its coronoid is well-pronounced and tall, and the angle has a
prominent process. The rotational motion indicative of mastication is effectively prevented by a
broadening of the condyles and ossification of the symphysis (Figure 7C).
The upper and lower dental arcades feature three incisors, one canine, three premolars
and one molar (Figure 7B-C). The upper incisor row is straight. The third incisor (I3) has a
posterior cingulum and is much larger than the first (I1) and second (I2). A diastema exists
between I3 and the upper canine. The canine is intermediate in size, about twice as long as it is
wide, and also shows a posterior cingulum. There are only three functional premolars in the
dental arcade, and by definition, the carnivoran carnassial is a modification of the fourth upper
premolar. So it can be reasoned that the absent premolar is the typical P1. In fact, in some
specimens a nub-like tooth was present between the canine and P2, but it was reduced to a non-
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functional size. P2 is sharply cusped and longer than it is wide. P3 is the largest non-carnassial
tooth in the dental arcade. A low cingulum is present anteriorly on the lingual side, contributing
significantly to the width of the tooth. It bears a shearing surface on its buccal side. P4 is linear
because the protocone is more buccal in position compared to other species. A shearing surface
links the paracone, metacone, and hypocone, which are all high and robust, to run the entire
length of its buccal side. There is a single, small post-carnassial molar, wider than it is long
(Figure 7B).
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Figure 7: Cryptoprocta ferox s kull and mandible image s with a focus on
de ntition. A) Dors al vie w of cranium, B) ve ntral vie w of palatine re gion and
occlus al vie w of uppe r de ntition, C) dors al vie w of mandible and occlus al vie w
of lowe r de ntition.
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The lower incisors and canines are comparable in proportion to their upper counterparts.
However, the lower canines are recruited into the incisor arcade, buttressing the incisors, and
positioned to fill the gap between I3 and the upper canine upon occlusion. To allow for the
occlusion of the upper canine, a diastema exists distal to the lower canine where the mandible is
noticeably narrowed before broadening distally. The lower premolars are intermediately robust
with relatively sharp cusps. The first and second have single cusps while p3 has two smaller
conids budding off the largest one. The third premolar is the last as well as the largest of the
premolars. The lower carnassial (m1) is trigonid dominant and linear in form. The paraconid and
metaconid are sharp and robust while the protoconid is non-existent, giving the tooth its linear
morphology. The talonid is significantly reduced. Its basin is absent, and its overall morphology
is that of a small cingulum (Figure 7C).
Fossa fossana

The morphotype belonging to the spotted fanaloka, Fossa fossana, starkly contrasts to
that of C. ferox. Rather than a cat-like morphology, F. fossana has many morphological
characteristics commonly associated with non-feliform species. The cranium is relatively flat, as
there is little vertical inclination from the snout to the braincase. The face comprises a rather
large proportion of the anteroposterior length of the skull because the palate and rostrum are
elongated. As a consequence, the occiput is rather short. The nuchal crest is quite pronounced
and directed caudally (Figure 8A). The mandible is long but thin and not very robust. The
angular process extends caudally as far as the mandibular condyles. The coronoid is short and
thin. The condyloid processes are rounded and several of the analyzed specimens did not have
fused mental symphyses (Figure 8C).
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Figure 8: Fossa fossana s kull and mandible image s with a focus on de ntition. A)
Dors al vie w of cranium, B) ve ntral vie w of palatine re gion and occlus al vie w of
uppe r de ntition, C) dors al vie w of mandible and occlus al vie w of lowe r
de ntition.
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The upper and lower dental arcades contain three incisors, one canine, four premolars,
and two molars (Figure 8B-C). The upper incisor row is parabolic. The third incisor (I3) is
largest. A diastema exists between I3 and the canine and another between the canine and P1. The
upper canine is elongated and significantly recurved. P1 is small but still participates in
occlusion and has a single sharp cusp. A rather large gap is present between P2 and P3. The two
are sharply cusped and elongated, but P3 is wider and larger. An anterior cingulum on the lingual
side gives the carnassial (P4) an elongated triangular shape to the occlusal surface and reserves a
portion of the tooth to grinding rather than shearing. The entire carnassial is noticeably diagonal
in orientation relative to the rest of the dental arcade. This coincides with a sudden widening of
the palate at the zygomatic roots. There are two tribosphenic post-carnassial molars, each with
lingual protocones and buccal paracones and metacones surrounding a basin. M1 is larger than
M2, and each is wider than it is long (Figure 8B).
The lower incisors and canines form an uninterrupted parabolic arc (Figure 8C). A
diastema exists between the lower canine and p1 to allow for the occlusion of the upper canine.
Significant gaps are present between p1 and p2 and again between p2 and p3. The first lower
premolar is small, with a single sharp conid. The lower premolars that follow progressively
increase in volume and have two or more conids. In these, the anterior conid is always larger. It
is difficult to discern which lower premolar is largest, although p3 and p4 appear close to equal
in proportion. The lower carnassial (m1) is characterized by a well-developed trigonid and
talonid. The trigonid has a pronounced protoconid, paraconid, and metaconid. Together these
form the shearing portion of the carnassial. The talonid makes up over a third of the length of the
carnassial. The hypoconid and entoconid are prominent, although the hypoconid is larger. The
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multicusped morphology of m2 is comparable to that of m1, although smaller in volume (Figure
8C).

Eupleres goudotii and Eupleres major

In general, Eupleres major and E. goudotii have similar morphology, but E. major is
larger in body size, which is evidenced by the larger proportions of its craniodental
measurements (Figure 9). The Eupleres cranium is long, with a large braincase. The rostrum is
elongated and significantly narrowed. The occiput is round and smooth, and the nuchal crest is
nearly absent. The mandible is weak, and rarely are its two halves fused in museum specimens.
The two sides curve inward until meeting at the median. The angular process extends caudally
past the mandibular condyles. The coronoid is tall and thin, forming a tight notch with the
condyloid process. The condyloid processes are broadened, but angled. The pterygoid hamuli are
quite long.
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Figure 9: Eupleres goudotii (A-C) and Eupleres major (D-F) s kull and mandible
image s with a focus on de ntition. A and D) Dors al vie w of crania, B and E)
ve ntral vie w of palatine re gions and occlus al v ie w of uppe r de ntitions , C and F)
dors al vie w of mandible s and occlus al vie w of lowe r de ntitions .
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The dental arcades of both species are comprised of three incisors, one canine, four
premolars, and two molars (Figure 9). The upper incisors are all of similar sizes, separated by
gaps, and oriented in a parabolic arc. The upper canine is robust, as it is not much longer than it
is wide. Its cusp is somewhat wedge shaped, with the posterior extent of the wedge coming to a
slight point. A gap between the canine and I3 is similar in size to the gaps between each incisor,
suggesting the canine also serves some incisive function. A significant diastema is present
between the P1 and P2, and another between P2 and P3. The first three premolars are simple,
sharp, and single cusped. P4 has an intricate outline characterized by three cone-bearing lobes
linked to a centralized, sharp metacone. One lobe extends anterolingually and bears the
protocone, which is sharp but smaller than the metacone. Another lobe containing the paracone is
buccal. A narrow notch exists between the two lobes on the anterior side. A loph links the
smaller paracone to the metacone, creating a relatively small shearing blade. A final lobe extends
posterior to the metacone, curves buccally, and terminates at a small sharp hypocone. A distinct
entocone is present at the angle of the curve. The curvature gives the buccal side of the carnassial
a concave shape. There are two tribosphenic post-carnassial molars. Each has one lingual
protocone and the buccal paracone and metacone which surround a basin. The metacone is
extraordinarily distal. A narrow notch separates the paracone and the metacone. M1 is larger than
M2 and each are wider than they are long (Figure 9B for E. goudotii; Figure 9E for E. major).
The lower incisors and canines form an uninterrupted parabolic arc. A diastema exists
between the lower canine and p1 to allow for the occlusion of the upper canine. The first lower
premolar is canine-like in form, small, with a single recurved and sharp conid. The gap between
p1 and p2 is very large, whereas the gaps between the subsequent lower premolars progressively
decrease in size. The second lower premolar has three conids, with the protoconid recurved and
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elevated significantly higher than the other two. Two other conids appear as short “buds” on
either side of the protoconid. The third is elongate and has four sharp conids. A conid is isolated
at the mesial- most extent of the tooth; the other three are distally grouped. The tallest conid, the
laterally positioned protoconid, is recurved. The fourth lower premolar is larger than p3, with the
same morphology. However, it is incorporated into the molar arcade because little to no gaps
exist between p4 and m1 and m1 and m2. The molars are larger in volume than the premolars.
The trigonid of the lower carnassial (m1) exhibits a more typical carnivoran morphology and
features a diagonally oriented shearing surface. The paraconid and metaconid are separated by a
distinct notch. The protoconid is reduced and positioned rather distally. The talonid has a
prominent hypoconulid, reduced hypoconid, and an entocristid that form the walls of its basin.
The talonid makes up over a third of the length of the carnassial. The morphology of m2 is
comparable to that of m1, although the talonid is even longer to give it more of a grinding
functionality (Figure 9C for E. goudotii; Figure 9F for E. major).

Galidia elegans

The ring-tailed vontsira, Galidia elegans, has a craniodental morphology that in many
ways suggests a high degree of carnivory. The facial portion of the skull is short and relatively
broad. The species has a relatively large interorbital width and breadth of braincase. The occiput
is smooth, terminating at a slightly elevated nuchal crest (Figure 10A). The basisphenoid and
auditory bullae each make up approximately a third of the breadth of the skull base. The
mandible is robust and broad. Its greatest depth is at the point of the canines rather than the
carnassials. Its coronoid is tall and long, and the angular process is a prominent rounded bulb
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(Figure 10C). The character of its broadened condyles and ossified symphysis are similar to C.
ferox.
The upper and lower dental arcades exhibit three incisors, one canine, three premolars,
and two molars (Figure 10B-C). The upper incisor row is slightly parabolic and is not buttressed
by the canines. I1 and I2 are small and simple. I3 is much larger and has a posterior cingulum.
The upper canine is intermediate, with a length a little more than twice its width. It has a robust
posterior cingulum. The only gaps between upper teeth are a diastema between I3 and the canine
and a smaller one between the canine and P1 to allow for occlusion of the lower canine and p1.
Only three premolars are present. As in Cryptoprocta. ferox, a typical P1 is entirely absent. P2 is
robust, and its cusp is rather rounded. P3 has a sharper cusp and is diagonally orientated as it is
situated at the point where the face begins to broaden significantly. It bears a shearing surface on
its buccal side. The carnassial (P4) has an elongated triangular occlusal outline. The protocone is
large and positioned lingually. The shearing surface occurs on the buccal side of the tooth and
incorporates the paracone, metacone, and hypocone which run the entire length of the tooth. The
first post-carnassial molar is tribosphenic, and the second is considerably reduced to a simple
form that is wider than it is long (Figure 10B).
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Figure 10: Galidia elegans s kull and mandible image s with a focus on de ntition.
A) Dors al vie w of cranium, B) ve ntral vie w of palatine re gion and occlus al vie w
of uppe r de ntition (from M ye rs e t al. 2016), C) dors al vie w of mandible and
occlus al vie w of lowe r de ntition.
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Little to no gaps exist between any of the lower teeth in the adult. The lower incisors and
canines are comparable in proportion to their upper counterparts. However, the canines are
recruited to buttress the incisors and create a straight orientation of the arcade. The canines are
recurved. A robust posterior cingulum fills the gap between the main body of the canine and the
first lower premolar. Three premolars are present and become increasingly more multicuspid
distally. The simplest premolar is the p1, which has a single sharp conid. The second premolar
has a prominent protoconid and two conids that appear as buds off of the protoconid. The largest
premolar is p3, which is slightly more complex than p2. It has an additional cusp located distally.
The lower carnassial (m1) has a well-developed trigonid. The protoconid, paraconid, and
metaconid are sharp and form a triangular basin. The basin is open to the lingual side, whereas
the buccal side is enclosed by a cingulum linking the paraconid to the metaconid. The talonid is
low relative to the trigonid. Its basin is enclosed anteriorly by the trigonid and on all other sides
by the hypoconid, hypoconulid, and entoconid (Figure 10C).

Galidictis fasciata and Galidictis grandidieri

The broad-striped vontsira, Galidictis fasciata, is geographically distinct from the
Grandidier’s vontsira, Galidictis grandidieri. As a result, the two congeneric species display
many craniodental differences. First, G. fasciata has a smaller skull than G. grandidieri. Both
species have short and broad facial portions with the orbits set widely apart. The occiputs
comprise a long proportion of the skull, terminating at an elevated nuchal crest. G. fasciata
exhibits a slightly elevated sagittal crest near the junction with the nuchal crest, whereas G.
grandidieri possesses an elevated sagittal crest for the entire length of its occiput (Figure 11).
The auditory bullae are quite large in Galidictis, but the difference in proportion between the two
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species is drastic. G. grandidieri exhibits auditory bullae with the largest length to width ratio in
the family. In contrast, the proportions seen in G. fasciata are smaller than all but Salanoia
concolor. The two species have robust mandibles. Their relative jaw depths are the highest in the
family, with G. grandidieri possessing the deepest jaws relative to their length. Its coronoid is
tall and close in proximity to the condyloid, resulting in a narrow notch. A small bulbous angular
process is present in both species. The condyloid processes are broad and tubular. All G. fasciata
specimens had a fused mental symphysis. The only representative mandible for G. grandidieri
was damaged and so the symphysis could not be analyzed (Figure 11F).
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Figure 11: Galidictis fasciata (A-C) and Galidictis grandidieri (D-F) s kull and
mandible image s with a focus on de ntition. A and D) Dors al vie w of crania, B
and E) ve ntral vie w of palatine re gions and occlus al vie w of uppe r de ntitions , C
and F) dors al vie w of mandible s and occlus al vie w of lowe r de ntitions .
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Both species exhibit upper and lower dental arcades with three incisors, one canine, three
premolars, and two molars. Their upper incisor rows are straight and not buttressed by the
canines. I1 and I2 are equal in size. I3 is much larger and has a posterior cingulum. A diastema is
present between I3 and the canine to allow for occlusion of the lower canine. The upper canine is
intermediate, with a length barely more than twice the measure of its width. It has a robust
posterior cingulum. Only three premolars are present because of the absence of a typical P1 as in
other species. P2 is robust, with a rounded cusp. G. grandidieri possesses a more robust P3 than
does G. fasciata. The carnassial (P4) has an elongated triangular occlusal outline for both
species, with the protocone far enough lingual to be uninvolved in shearing action. The shearing
surface on the buccal side of the tooth incorporates the paracone, metacone, and hypocone to run
the entire length of the tooth. G. fasciata and G. grandidieri retain an intermediate postcarnassial grinding area. The first molar is tribosphenic and is significantly wider than long
because the protocone is in an extremely lingual position. The second molar has small stubby
cones but is ultimately rather linear in outline, twice as wide as it is long (Figure 11B for G.
fasciata; Figure 11E for G. grandidieri).
As in Galidia elegans, the lower dental arcade in the two Galidictis species
characteristically have few to no gaps between any of the lower teeth. The lower incisors are all
relatively equal in size but are greatly reduced compared to the upper incisors. The canines
buttress the incisors and create a straight orientation of the arcade. The lower canines of both
species, but particularly G. grandidieri, are striking. The root of the canine is lateral in position.
The crowns are recurved anteroposteriorly, as is typical, but also exhibit a slight medial curve,
allowing the canines to be robust to forces from many directions. The canines also possess a
robust posterior cingulum. The first and second lower premolars have a single sharp conid, but
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p2 is more elongate than p1. The largest premolar in the two species is p3, and it has a
carnassial- like morphology. It has two high conids in close proximity to one another toward the
anterior of the tooth. The premolar has a posterior crushing heel region which bears an additional
low conid. The lower carnassial (m1) trigonid is robust. The protoconid, paraconid, and
metaconid are sharp and form a near perfect triangular basin. The talonid is low, but the
hypoconid, hypoconulid, and entoconid enclose a basin (Figure 11C for G. fasciata; Figure 11F
for G. grandidieri).

Salanoia concolor

The brown-tailed vontsira, Salanoia concolor, has a skull that is comparable in size to
Gal. elegans and G. fasciata. It is relatively broad at the greatest zygomatic breadth, but narrows
significantly to a pointed snout. As with the other members of Galidiinae, the face is short with a
rather large interorbital width. However when compared to the others, its braincase is the
broadest relative to skull breadth. The occiput bears no sagittal crest, and it terminates at a
smoothed nuchal crest (Figure 12A). The auditory bullae dominate the ventral portion of the
braincase and are quite broad. The mandible is similar but weaker than those of Gal. elegans and
Galidictis spp. Its greatest depth is at the point of the canines rather than the carnassials. Its
coronoid is intermediate in height and it is thin, forming a tight notch with the condyloid process.
The angular process is prominent and comes to a point. The condyloid processes are broad and
tubular (Figure 12C). All of the specimens have a fused mental symphysis.
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Figure 12: Salanoia concolor s kull and mandible image s with a focus on
de ntition. A) Dors al vie w of cranium, B) ve ntral vie w of palatine re gion and
occlus al vie w of uppe r de ntition, C) dors al vie w of mandible and occlus al vie w
of lowe r de ntition.
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The upper and lower dental arcades feature three incisors, one canine, three premolars,
and two molars (Figure 12B-C). The upper incisor row is slightly parabolic and free from the
canines. I1 and I2 are small and equal in size. I3 is much larger and has a posterior cingulum. A
diastema exists between I3 and the canine to allow for occlusion of the lower canine. The upper
canine is intermediate, with a length slightly greater than twice its width. It has a small posterior
cingulum, leaving a small but significant gap between it and P2. Two specimens had four
premolars, with a nub-like P1 occupying part of the gap between the canine and P2. However, P1
was too small to occlude in both specimens and thus was considered non-functional.
Additionally, P1 was entirely absent in the third specimen, so it was concluded that the adult S.
concolor possesses three upper premolars in its dentition. P2 is single cusped, longer than it is
wide, and functions as the first premolar. P3 has a sharper cusp but an otherwise similar
morphology. The orientations of P2 and P3 are diagonal but the two teeth are staggered from one
another causing a discontinuation in their occlusion. Instead of P2 and P3 being separated by a
gap, which is common, P3 is noticeably staggered buccally from P2 so that its anterior extent
coincides with the posterior extent of P2. The carnassial (P4) has an occlusal outline that would
be intermediate between an equilateral triangle and an elongated triangle. The protocone is
reduced. It is positioned far enough lingually that the distance between it and the hypocone and
the distance between the paracone and the hypocone are equal. The paracone is larger and
positioned typically on the buccal side of the anterior. The metacone is the largest cone and is
centralized on the carnassial. It is excluded from the buccal side of the tooth by a distinct shelf
which has a slight concavity. The post-carnassial molars are tribosphenic. M1 is the largest tooth
in the dental arcade, a characteristic which makes S. concolor unique among euplerids. M2 is
considerably smaller than M1 but still bears discernible cones (Figure 12B).
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The lower incisors are aligned in a straight arcade. The second and third incisors are close
to equal in size and larger than i1. The second incisor possesses a prominent posterior cingulum,
but the third does not. Rather, i3 is buttressed to the posterior by the lower canine. The lower
canine itself is recurved and has a robust and long posterior cingulum. The lower canines have a
smaller length to width ratio than the upper canines but are still twice as long as they are wide. A
diastema exists between the lower canine and p1. Three premolars are present and increase in
size and complexity. The simplest premolar is p1, which has a single sharp conid. The second
premolar has a prominent protoconid, a small mesial conulid, and another conulid distal to the
protoconid that is positioned buccally to give p2 a distinctive heel. The largest premolar is p3,
which is oriented more diagonally than the preceding premolars. Its conulids are more developed
than those of p2, with the distal one being more of a conid. Its heel is larger than that of p2. The
lower carnassial (m1) has a well-developed trigonid. The protoconid, paraconid, and metaconid
are sharp and form a triangular basin. The three conids are not linked by lophs and thus sharp
depressions exist between each of the conids. The talonid is low but quite broad. Its basin is
enclosed anteriorly by the trigonid and on all other sides by the hypoconid, entoconid, and a
well-developed hypoconulid (Figure 12C).
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Principal Component Analysis

The principal component analyses (PCA) used the selected functional characters to show
strong separations between the four degrees of carnivory (diet preference) as well as prey
preference. Raw specimen data for each functionally significant character were used to satisfy
the Kaiser-Meyer-Olkin (KMO) measure for sampling adequacy and Bartlett’s test of sphericity
(see table inset Figure 13). For both PCA, only the components that presented the highest
eigenvalues were used as axes, as long as they were greater than or equal to 1.0. Therefore, a 2D
representation with Varimax rotation sufficed for both analyses. A threshold for correlation
coefficients and communality extractions among characters was established at 0.30. The only
character to not consistently meet this threshold was “Number of Premolars Mesial to the Upper
Carnassial,” and so it was excluded from both PCA. Otherwise the remainder of the characters
showed significant correlations and also extracted favorably into principal components.
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Figure 13: PCA plot with de gre e of carnivory as PC1 and pre y type /killing s tyle
as PC2. M orphotype s will be pos itione d in the plot with re gards to how the y
s core for e ach functional characte r. High pos itive s core s re pre s e nt
hype rcarnivo ry and low ne gative s core s indicate hypocarnivo ry or ins e ctivory.

In the first PCA, PC1 and PC2 collectively explained 78.4% of the variance (Table 2).
PC1 represents diet preference with a focus on food processing characteristics. Characters with
high positive scores, positioned to the right, are most adaptive for the food processing needs of
hypercarnivory, whereas characters with negative scores, positioned to the left, are maladaptive
for hypercarnivory and are rather advantageous for hypocarnivory or insectivory (Figure 13).
PC2 prioritizes prey preference with respect to upper and lower canine length to width. High
positive values for these characters classify as elongated canines and produce a positive score for
PC2, whereas lower values represent more conical canines with low length to width ratios. Each
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point on the plot represents a character and the (X, Y) coordinate informs exactly how much that
character loads into PC1 (x-axis) and PC2 (y-axis), respectively.

Table 2: SPSS output s howing e ige nvalue s for principal compone nts 1 -9 with
total variance s e xplaine d by e ach compone nt and cumulative pe rce ntage s .
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The second PCA includes the extant species of Eupleridae and positions them with
respect to PC1 and PC2 based on their values for each character (Figure 14). The characters were
still included in the analysis to preserve the framework of the components but were omitted from
the plot for clarity. Species with higher values for a given character are pulled to the position of
that character more than a species with lower values. A species’ final position in the plot
indicates its morphotype based on its values for all of the characters (Figure 14). As in the first
PCA, PC1 shows hypercarnivory to the right and insectivory and hypocarnivory to the left. For
instance, species that present large grinding areas and possess mediolaterally compressed
premolars have hypocarnivorous or insectivorous ecologies and thus will be positioned farther to
the left than more carnivorous species in the family (Figure 14). PC2 still corresponds to prey
preference with respect to canine length to width ratios. F. fossana possesses the most elongated
canines in the family, hence its high positive position on PC2. Since prey preference is a
morphological means for niche differentiation, morphological diversification regarding canine
length to width ratios may be enough to ensure that two species with similar PC1 scores do not
clash in morphospace and thus may coexist in an environment. Any two species that are close in
proximity to one another with respect to both PC1 and PC2 (see Galidia elegans and Galidictis
fasciata in Figure 14) must differentiate their niches by other means (possibly avoidance or
temporal hunting variation) to avoid extirpation.
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Figure 14: Subs e que nt PCA de picting the pos ition of e ach e xtant e uple rid
s pe cie s in morphos pace in re gards to the s e le cte d functional characte rs . Note
the clas hing pos itions of Galidia elegans and Galidictis fasciata, two s pe cie s who
are known to coe xis t in the e as te rn rainfore s ts of M adagas car.

CHAPTER 4

DISCUSSION

Euplerid Morphotypes and Current Morphological Diversity of the Family

Among euplerid species, only Galidia elegans and Galidictis fasciata exhibit conflicting
morphotypes. Their morphological similarity supports the findings of Gerber et al. (2012a) in
that the niches occupied by the two species must be different temporally, since their
morphotypes and geographic ranges are so similar. The rest of the species possess distinct
craniodental morphotypes based on the two morphological niche differentiating vectors, diet
preference (PC1) and prey preference (PC2), as shown in the second PCA. Members of
subfamily Galidiinae (Gal. elegans, G. fasciata, G. grandidieri, and S. concolor) have
historically been given the common name mongoose, and this is understandable because they
are, in fact, ecomorphs of various herpestids. Gal. elegans and G. fasciata are nearly identical in
morphotype and mesocarnivorous ecology, although they exhibit the highest degrees of
carnivory in the family after C. ferox. The difference between G. fasciata and G. grandidieri is
not only morphological, but the species also vary in their geographic ranges and habitats. G.
grandidieri is geographically distinct from all other euplerids except for C. ferox. Its morphology
is adapted for a more generalist diet than G. fasciata, which might indicate that it supplements its
diet with insects and invertebrates or plant material in the less species-rich xeric forests. S.
concolor possesses a rather hypocarnivorous morphotype to avoid competition with the more
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carnivorous euplerids in its northeastern rainforest geographic range. Its dentition is slightly
more devoted to grinding plant material than shearing meat.
However it is in Euplerinae (C. ferox, C. spelea, F. fossana, E. goudotii, and E. major)
that evolution has produced non-herpestid morphotypes and thus broadened the scope of the
morphological diversification of the family. C. ferox is the most hypercarnivorous species in the
family. Its values for functionally significant characters are comparable to those of cats, giving it
a felid morphotype. Cryptoprocta is considered basal within Eupleridae (Yoder et al. 2003). It is
the only euplerid species that lacks M2/m2, significantly reducing its post-carnassial molar
grinding area. This, along with the rest of its specialized craniodental morphology, indicates a
remarkable evolution towards cat-like hypercarnivory within the Cryptoprocta lineage.
Hypercarnivory is a risky life habit with much less potential morphospace than more generalist
lifestyles (Van Valkenburgh et al. 2004). Hypercarnivores have historically succumbed to
extinction because their prey disappeared, possibly even C. spelea during Madagascar’s
“megafauna era” (Goodman et al. 2004). This may explain why C. ferox is, so far, the only
extant euplerid to exhibit anything close to its morphotype. Generalist habits are more robust to
environmental change and are much more conducive to the occupation of multiple species
because there is more than one resource to partition among them (Ciampaglio et al. 2001).
F. fossana is phylogenetically positioned closest to Cryptoprocta but it possesses a vastly
different morphotype and ecology. Contrary to C. ferox, it possesses P1/p1 as well as M1/m1. F.
fossana is a small to medium-sized carnivore with similar morphology and ecology to a grey fox,
Urocyon cinereoargentus. Despite the presence of M3/m3 in U. cinereoargentus, the voluminous
post-carnassial molars in F. fossana provide a grinding area that is nearly equivalent.
Additionally, the robustness of the jaws and proportion of carnassial tooth length devoted to
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shear are nearly identical to U. cinereoargentus. The high position of F. fossana on the PCA is a
result of the species exhibiting canines with the highest length to width ratio in the family. This
morphological characteristic, as well as a slightly different PC1 score, is clearly enough for F.
fossana to not conflict morphologically with Gal. elegans and G. fasciata in the eastern
rainforest.
The Eupleres species are insectivores with a craniodental morphology that has evolved to
be maladaptive to conventional meat eating. The jaws of the two species are weak and not nearly
as deep as in other carnivorans. All of the teeth are significantly reduced in size, suggesting a
drive toward insectivory within the lineage. E. major however possesses a position in
morphospace that is significantly more generalist than E. goudotii. Its position indicates that it is
more capable of supplementing its insectivorous diet with small proportions of plant material
and/or meat. The craniodental morphology exhibited in E. major is somewhat comparable to the
Nasua lineage within Procyonidae. However the PCA identifies E. goudotii as a significantly
specialized insectivore.
It is evident that the absence in Madagascar of the other carnivoran families, like Felidae,
has allowed for the euplerid evolution of morphotypes typically associated with those families.
Most euplerids are ecomorphs to other carnivorans, so their morphotypes are not necessarily
specific to Madagascar. This strongly suggests that only certain morphotypes are adaptive to
respective carnivoran ecological niches in the environment. Morphotypes are merely the uniform
a species must assume to succeed in an ecological niche. The fact that certain morphotypes are
associated with particular species or groups of animals is strictly a human observation. Euplerids
show that morphotypes evolve in different phylogenies. Unless meat as a resource changes
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significantly enough to alter carnivoran craniodental morphologies, carnivoran morphotypes may
continue to consistently reappear in Madagascar and elsewhere in the world.

Euplerid Pattern of Evolution

The morphological diversification of the family from the herpestid ancestor to the
modern diversity has resulted in a wide ecological variation among species. This supports the
prediction that the evolution of Eupleridae has progressed to its modern diversity via
evolutionary Pathway C. The plot of its evolutionary pattern is a modification of the idealized
pattern of Pathway C, designed to depict the species richness of Eupleridae and the phylogenetic
positioning of its species in the accepted clade (Figure 15). The euplerid evolutionary pattern
differs from the pathway thought to have been followed by early Carnivora as well as
Carnivoramorpha, Pathway B, where morphological and non-morphological niche differentiation
occurred equally as the lineages progressed through speciation (Carroll 1988; Van Valkenburgh
1999; Wesley-Hunt 2005). Thus, Eupleridae demonstrates that the evolution of a carnivoran
clade free from competitive suppression will progress in a manner that prioritizes morphological
niche differentiation among its species.
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Figure 15: M odifie d e volutionary Pathway C unde rtake n in Euple ridae
s ince the colonization of the he rpe s tid ance s tor 18 -24mya. M orphological niche
diffe re ntiation was prioritize d as s pe cie s e volve d. The tre e is a modifie d
re pre s e ntation of the s e cond PCA plot, with its branching mode le d afte r the
curre ntly acce pte d phyloge ny (s e e Figure 2 ).
Ideally, Eupleridae would continue to be the only carnivoran lineage diversifying in
Madagascar. Its uniqueness is in its isolation and potential for continued morphological
diversification. Unfortunately, human activity and recent introduction of the invasive
carnivorans, Canis familiaris and V. indica, are already negatively impacting the native species
and threatening the future of the lineage (Farris et al. 2014; 2015; 2016). The species inhabiting
the rainforests are at the highest risk, with deforestation and agricultural activity contributing
severe losses of habitat (Gerber et al. 2012b). In general, the eastern rainforest has been a vital
machine for diversifying life in Madagascar (Humbert 1959). Twenty-two of its 25 endemic
mammalian species, six of which being euplerid, are considered threatened (Hilton-Taylor 2000).
It is vital to halt the destruction of this ecoregion so that its intrinsic beauty and endemic animals
do not disappear forever.
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Conclusions

The isolation of Eupleridae from other carnivoran taxa has allowed for an unusual
morphological diversity among its small number of species. Among the eight species analyzed,
seven distinct morphotypes were identified. The evolution of the clade prioritized placing new
species into unoccupied morphospace over differentiating niches spatiotemporally. This study
portrays Eupleridae as a remarkable demonstration of convergent evolution and ecomorphy
because morphotypes exhibited by its species are reappearances of morphotypes commonly
associated with phylogenetically distinct carnivorans. The results of this analysis provide an
idealized model for carnivoran evolution in which competition has not suppressed morphological
diversification, as it may have for Carnivora and Carnivoramorpha. Its application could prove
useful for future studies regarding carnivoran colonization of regions that lack carnivorous
clades.
Future Directions

Complete specimens of C. spelea and Mungotictis decemlineata were not available for
analysis and so unfortunately could not be factored into its conclusions. It is unclear if their
possible inclusion in a similar study would change the results of this analysis, but its application
and conclusion would be undoubtedly strengthened by having all species represented.
Collaborators graciously collected measurements of an incomplete C. spelea cranium, and the
available characters that were collected indicated similar hypercarnivory to C. ferox, but possibly
with preferences for larger prey. However this cannot be a reliable statement because of the
absence of mandibular characters. Additionally, this study lacks the scope to effectively pinpoint
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when species or certain morphological characters originated in the family. It relies on the
monophyly of the family and the accepted colonization time of the herpestid ancestor from the
literature to draw conclusions of the morphological diversification from the time of colonization
to today. Future work will primarily focus on providing insight into when morphotypes appeared
in the evolutionary history of the family.
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Study Specimens

Cryptoprocta ferox
16455: MCZ. Adult female. Collected by M. Lescure, 1913, six miles north-northeast of Tulear,
Madagascar.
45969: MCZ. Adult of unspecified sex. Collected by Grandidier, 1926, between Vondroze and
Ifandana near Farafangana.
45970: MCZ. Adult of unspecified sex. Collected by Grandidier, 1912, Madagascar.
47494: MCZ. Adult of unspecified sex. Collected by B. Patterson, unspecified date, Madagascar.
188213: AMNH. Adult male. Collected by H. Bluntschli, 1931, in Manakara, Province de
Farafangana, Madagascar.
319987: NMNH. Adult male. Unspecified collector, National Zoo, 1962, Madagascar.
Fossa fossana
5104: MCZ. Adult of unspecified sex. Collected by E. Gerrard, 1864, Madagascar.
28644: MCZ. Adult female. Collected by H. Chauvin, unspecified date, Madagascar.
29404: MCZ. Adult female. Collected by H. Chauvin, 1932, Rte de L’est, Foret de Fanovana.
100454: AMNH. Adult male. Collected by H. Chauvin, 1929, Sianaka Forest, Madagascar.
188209: AMNH. Adult female. Collected by H. Bluntschli, 1931, Ambatondradama, Province de
Maroantsetra, Madagascar.
318107: NMNH. Adult female. Collected by H. Hoogstraal, 1948, Ft. Dauphin, Tulear Province,
Madagascar.
521565: NMNH. Adult male. Unspecified collector, National Zoo, 1977, Ranomafana,
Madagascar.
574898: NMNH. Adult male. Unspecified collector, National Zoo, unspecified date and location.
Eupleres goudotii
5018: MCZ. Adult of unspecified sex. Collected by E. Gerrard, 1870, Madagascar.
27830: MCZ. Adult of unspecified sex. Collected by H. Chauvin, 1931, Stamates Forest,
Madagascar.
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45957: MCZ. Adult of unspecified sex. Collected by Grandidier, 1930, Sianaka Forest,
Madagascar.
45959: MCZ. Adult of unspecified sex. Collected by Grandidier, 1930, Sianaka Forest,
Madagascar.
45960: MCZ. Adult of unknown sex. Collected by Grandidier, unspecified date, Madagascar.
100461: AMNH. Adult male. Collected by Rand & Dumont, 1930, Mt. d’Ambre, Province de
Diego-Suarez, Madagascar.
100484: AMNH. Adult male. Collected by A. L. Rand, 1930, Province de Maroantsetra,
Madagascar.
188211: AMNH. Adult male. Collected by H. Bluntschli, 1931, Ambatondradama, Province de
Maroantsetra, Madagascar.
200880: AMNH. Adult of unspecified sex. Unspecified collector and date, Madagascar.
Eupleres major
45963: MCZ. Adult of unspecified sex. Collected by Drouhard & Grandidier, 1934, DiegoSuarez, Madagascar.
45965: MCZ. Adult male. Collected by Grandidier, 1930, Antanambalana, Province de
Maroantsetra, Madagascar.
Galidia elegans
45949: MCZ. Adult of unspecified sex. Collected by Crane & Grandidier, unspecified date,
Antanambao, Madagascar.
45951: MCZ. Adult of unspecified sex. Collected by Crane & Grandidier, unspecified date,
Antanambao, Madagascar.
45956: MCZ. Adult of unspecified sex. Collected by Grandidier, unspecified date, Madagascar.
100466: AMNH. Adult female. Collected by A. L. Rand, 1929, forest in Province de
Farafangana, Madagascar.
199254: NMNH. Adult of unspecified sex. Unspecified collector and date, Madagascar.
318104: NMNH. Adult female. Collected by H. Hoogstraal, 1948, Ft. Dauphin, Tulear Province,
Madagascar.
318106: NMNH. Adult female. Collected by H. Hoogstraal, 1948, Ft. Dauphin, Tulear Province,
Madagascar.
399274: NMNH. Adult male. Unspecified collector, National Zoo, unspecified date and location,
Madagascar.
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463931: NMNH. Adult male. Unspecified collector, National Zoo, 1986, Madagascar.
Galidictis fasciata
5116: MCZ. Adult of unspecified sex. Collected by E. Gerrard, 1839, Madagascar.
28623: MCZ. Adult of unspecified sex. Collected by H. Chauvin, 1932, Vontrivafotry,
Madagascar.
100479: AMNH. Adult of unspecified sex. Collected by H. Chauvin, 1931, Sianaka Forest,
Madagascar.
449210: NMNH. Adult female. Collected by G. K. Creighton, 1988, Fianarantsoa, Madagascar.
Galidictis grandidieri
100478: AMNH. Adult female. Collected by A. L. Rand, 1930, Lac Tsimanampetsotra, Tulear
Province, Madagascar.
Salanoia concolor
27827: MCZ. Adult of unspecified sex. Collected by a native Malagasy, 1931, Stanats Forest,
Madagascar.
100475: AMNH. Adult of unspecified sex. Collected by H. Chauvin, 1931, Sianaka Forest,
Madagascar.
100477: AMNH. Adult of unspecified sex. Collected by H. Chauvin, 1931, Sianaka Forest,
Madagascar.
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Craniodental Measurements

1. Greatest length of skull: the maximum craniocaudal length of the skull measured along the
sagittal plane.
2. Condylobasal length: measured from the median anterior of the skull to the caudal aspects of
the occipital condyles.
3. Zygomatic breadth: the breadth measured from the lateral extents of each zygomatic bone.
4. Breadth of braincase: the breadth of the braincase measured at the site of origin for each
zygomatic process of the temporal bones.
5. Minimum interorbital width: the width of the rostrum at the point where the orbits reach their
medial extents.
6. Maximum length of the nasal bones: measured along the sagittal plane from the nasion
(junction of the frontal bone and the two nasal bones) to the cranial extent of the bones.
7. Maximum palatal length: measured along the sagittal plane from the farthest caudal point of
the hard palate to the prosthion (median of the dental arcade).
8. Maximum length of auditory bullae: greatest length of the ossified bullae
9. Maximum width of auditory bullae: measured at a 90º rotation from the maximum length.
10. Mandibular length: measured for each side of the mandible from the alveolar point between
the median incisor teeth to the caudal extent of the condylar processes.
11. Mandibular width: measured at the m1/m2 junction for each side of the mandible.
12. Mandibular depth: measured at the m1/m2 junction for each side of the mandible.
13. Upper canine length: measured from the dentinoenamel border to the tip of the cusp.
14. Upper canine width: measured mediolaterally at the dentinoenamel border.
15. Lower canine length: measured from the dentinoenamel border to the tip of the cuspid.
16. Lower canine width: measured mediolaterally at the dentinoenamel border.
17. Mesiodistal length of the largest upper premolar mesial to the carnassial: measured on the
buccal side at the dentinoenamel border, the maximum mesiodistal length of the premolar.
18. Width of the largest upper premolar mesial to the carnassial: greatest width of the premolar
measured at a 90º rotation from the maximum length.
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19. Mesiodistal length of the last lower premolar mesial to the carnassial: measured on the buccal
side at the dentinoenamel border, the maximum mesiodistal length of the premolar.
20. Width of the last lower premolar mesial to the carnassial: greatest width of the premolar
measured at a 90º rotation from the maximum length.
21. Mesiodistal length of the upper carnassial shearing blade: measured on the buccal side from
the mesial extent to the distal extent of the shearing surface.
22. Mesiodistal length of the upper carnassial: measured on the buccal side at the dentinoenamel
border, greatest mesiodistal length of the carnassial tooth.
23. Mesiodistal length of the lower carnassial trigonid: measured on the buccal side, the
mesiodistal length from the mesial extent of the carnassial to the distal extent of the metaconid.
24. Mesiodistal length of the lower carnassial: measured on the buccal side at the dentinoenamel
border, greatest mesiodistal length of the carnassial tooth.

Craniodental Characters

*Continuous characters were subdivided into qualitative character states or categories. Some
cutoffs between character states were based on those of previous studies while others were based
on the distribution of the data for each character (Wesley-Hunt 2005). Other animals that share
similar values or grades for these characters would be considered ecomorphs.
1. Orientation of incisor arcade (straight or parabolic). A straight incisor arcade can be
characterized by a recruitment of the canine teeth to buttress the incisor row and join the incisors
to act as a unit (Van Valkenburgh 1996). Parabolic orientation of the incisor arcade liberates the
canines from the incisor arcade and permits the incisors to be used independently from the
canines. The incisor teeth in a parabolic orientation tend to be larger and more robust than those
in a straight orientation to resist stress from all directions.
2. Upper canine length over width: a continuous character in which the ratio indicates the degree
of resistance of the upper canines to mediolateral stress. A lower value will classify as a “round”
canine and be more resistant to mediolateral forces. A high value indicates an elongated canine.
Variation in this ratio may be indicative of different killing strategies (Van Valkenburgh 1987).
Round: ≤2.0, Intermediate: 2.0>x<2.40, Elongate: ≥2.40.
3. Lower canine length over width: a continuous character in which the ratio indicates the degree
of resistance of the upper canines to mediolateral stress. A lower value will classify as a “round”
canine and be more resistant to mediolateral forces. A high value indicates an elongated canine.
Variation in this ratio may be indicative of different killing strategies (Van Valkenburgh 1987).
Round: ≤2.0, Intermediate: 2.0>x<2.40, Elongate: ≥2.40.
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4. Largest upper premolar mesial to the carnassial length over width: a continuous character in
which the ratio reflects functionality of the premolar. A lower value classifies as a crushing
premolar, and is more resistant to mediolateral stress, while a higher value is an elongated
piercing premolar that is incorporated into the shearing action of occlusion in hypercarnivores
(Lucas 1979; Wesley-Hunt 2005). Crushing: ≤1.6, Intermediate: 1.6<x<2.6, Piercing: ≥2.6.
5. Last lower premolar mesial to the carnassial length over width: a continuous character in
which the ratio reflects functionality of the premolar. A lower value classifies as a crushing
premolar, and is more resistant to mediolateral stress, while a higher value is an elongated
piercing premolar that is incorporated into the shearing action of occlusion in hypercarnivores
(Wesley-Hunt 2005). ). Crushing: ≤1.6, Intermediate: 1.6<x<2.6, Piercing: ≥2.6.
6. Shape of upper carnassial: a qualitative character which is defined as the outline shape of the
occlusal surface of the upper carnassial. The character states are Linear, Elongate Triangle, and
Equilateral Triangle. The shearing wall of the carnassial is generally on the buccal side of the
tooth, but a triangulation of the occlusal surface is caused by the addition of a shelf lingual to the
paracone. Elongation of the carnassials is indicative of a higher degree of carnivory, with linear
carnassials found in hypercarnivores such as felids.
7. Relative blade length of the lower carnassial: a continuous character in which the ratio is the
mesiodistal length of the trigonid over the overall mesiodistal length of the carnassial. The
trigonid is the shearing blade of the lower carnassial whereas the talonid is the crushing or
grinding area of the tooth. Van Valkenburgh (1988, 1989) showed that this character is an
effective indicator of diet. Wang (1994) suggested that increasing dominance of the shearing
function, either by expansion of the trigonid or reduction of the talonid within a clade’s
evolution, is a drive towards hypercarnivory. The three character states are Hypocarnivorous
(≤0.65), Mesocarnivorous (0.65<x<0.70), and Hypercarnivorous (≥0.70).
8. Grinding area: a continuous character measuring the occlusal area of the upper molars. This
character evaluates how much of the dental arcade is devoted to the grinding of food, an action
indicative of generalism rather than carnivory (Van Valkenburgh 1989). Hypercarnivorous
morphologies tend to have a reduced number of upper molars distal to the carnassial or the
molars themselves are reduced in size. The value presented is a ratio of the portion of the dental
arcade devoted to grinding over the portion of the dental arcade devoted to shearing or slicing.
This was calculated by summating the areas for each molar, taking the square root of the
summed areas, and dividing by the overall mesiodistal length of the upper carnassial. Slicing:
≤0.6, Intermediate: 0.6<x<1.0, Grinding: ≥1.0.
9. Relative jaw depth: a continuous character that quantifies the robustness of the mandible.
More specifically, it evaluates the robustness of the mandible at the point of the carnassial
modification, where the greatest force of occlusion is applied effectively to slice or shear meat
and flesh. This character is calculated by dividing the average mandible depth at the m1/m2
border by the average mandible length. Hypercarnivores tend to have robust mandibles relative
to other carnivorans but carnivorans who feed upon hard-shelled crustaceans or invertebrates
tend to have them as well. Thus, this character may inform both degree of carnivory and prey
preference. Weak: ≤0.10, Intermediate: 0.10>x>0.17, Robust: ≥0.17.
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10. Number of premolars mesial to the upper carnassial: a discrete character counting the
functioning upper premolars in the dental arcade. A functional tooth is one that is involved in
occlusion. A significantly reduced, nub-like premolar that does not articulate with corresponding
lower teeth upon occlusion is considered non-functional and is excluded from the count. More
carnivorous morphologies tend to have a reduced number of upper premolars mesial to the
carnassial.

